Feng HZ, Chen X, Malek MH, Jin JP. Slow recovery of the impaired fatigue resistance in postunloading mouse soleus muscle corresponding to decreased mitochondrial function and a compensatory increase in type I slow fibers.
THE PRIMARY FUNCTION OF SKELETAL MUSCLE is in animal locomotion and posture maintenance against load and gravity. Skeletal muscle is a highly plastic tissue and rapidly changes mass and fiber type in response to load and activity demand (95) . Under various physiological and disease conditions, such as aging, disuse, and unloading, skeletal muscle decreases mass and contractile force, leading to physical disability (41, 49, 57, 74) . Promoting recovery from these conditions has major medical and socioeconomic importance.
Fiber type contents determine the performance of skeletal muscle (16, 42) . Slow-and fast-twitch fibers have different metabolic and contractile properties and are classified by the expression of specific isoforms of myosin heavy chain (MHC) (13, 24) that confer different ATPase activities (18) . Fiber type composition of skeletal muscle dynamically changes in adaptation to changes in functional demands, neurohumoral signaling, and metabolic conditions (8) . In type 2 diabetes, the number of slow oxidative fibers is reduced along with an increase of fast glycolytic fibers (77, 80) . Patients with obesity (93) or chronic heart failure (11, 21, 84, 88, 92) also showed a shift from oxidative fibers to glycolytic fibers. Being bedridden for 5-7 days rapidly produced muscle atrophy and switch to more type II fibers with muscle weakness and increased fatigability (6, 44, 48) . Extensive studies in human (7, 28, 38, 79) and rodent models (10, 55, 60) of muscle disuse demonstrated imbalances of protein synthesis and degradation, leading to a net loss of myofilament proteins. Several laboratories including ours have reported that unloading of rat soleus muscle by hindlimb suspension reproduced such progressive skeletal muscle atrophy and slow-to-fast fiber type switch (13, 75, 91, 104) .
No effective approach is currently available for the treatment and prevention of the loss of muscle mass and contractile function resulting from unloading or disuse. The muscle atrophy and fiber type switch are reversible phenotypes. The reloading-induced muscle injury and its impact on functional recovery (30, 62, 86, 101) impose a major challenge in physical rehabilitation. Facilitating the recovery process is of practical medical importance, for which mice and rats have been extensively studied in various experimental conditions with different lengths of unloading and reloading (19, 32, 54, 76, 78) .
Muscle fatigability is a key factor that determines muscle quality and physical abilities. Together with fiber type switch, mitochondrial dysfunction has been shown to decrease the tolerance of skeletal muscle to exercise (1, 102) . In the present study, we investigated the chronic recovery of adult mouse soleus muscle during 60 days of reloading after 4 wk of hindlimb suspension. We employed in situ contractility measurement for the first time to study muscle reloading to avoid isolation and hypoxia injuries accompanying the commonly used superfusion muscle strip preparations. The results showed that, whereas the muscle mass, fiber size, and contractile force completely returned to control levels by 15 days of reloading, fatigue resistance had a trend of worsening during the early phase of recovery with significant inflammation at days 3 and 7, indicating reloading injuries. The slow recovery of fatigue resistance corresponded to parallel changes in the expression of peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣) and mitofusin-2, suggesting a causal relationship. The expression of type I myosin and the number of type I fibers increased after 30 -60 days of reloading to a level significantly higher than that in normal adult mouse soleus muscle, indicating a secondary adaptation to compensate for the slow recovery of fatigue resistance.
MATERIALS AND METHODS
Mouse model of hindlimb unloading. All animal protocols were approved by the Institutional Animal Care and Use Committee of Wayne State University.
Four-month-old male C57BL/6 mice obtained from Harlan Laboratories (Indianapolis, IN) were randomly assigned to control, 28-day hindlimb-unloading, and 3-, 7-, 15-, 30-, 45-, and 60-day reloading groups. The control mice were maintained free in single cages for 14 days or 2 mo. The hindlimb-unloading paradigm here was similar to the protocol of Ferreira et al. (29) as used by others (12, 69, 103) . Briefly, animals were anesthetized with 2% isoflurane, and the fifth and sixth intervertebral spaces of the tail were located. A pilot hole was made with a 25-G needle between the two vertebrae into the intervertebral space. A sterile steel wire suture (Steelex Monofilament; Jorgensen Laboratory, Loveland, CO) was inserted into the space and twisted to form a loop. A smaller second loop was then formed above the first loop. After the surgery, animals were given 7 days to recover (29) .
On the first day of hindlimb suspension, animals were placed in a large rodent cage with a slotted steel bar extending the full length of the cage. The second steel wire loop on the tail was connected to a fishing swivel connected to a sewing machine bobbin. This approach allows the animal full rotational movement in a stationary location. The animal's hindlimb was raised so as not to make any contact with the bottom of the cage. The tail was covered with sterile gauze and secured with tape to prevent dropping downward or becoming necrotic (29) .
The mice had access to water and food ad libitum during the suspension period. At the end of suspension, the mice were used for muscle function measurements or unfastened from the loop wire and maintained free in the single cage for reloading and recovery studies.
In situ measurement of soleus muscle contractions. In situ soleus muscle contractility was measured using a protocol modified from a method described previously (26) . The mouse was anesthetized with isoflurane delivered through a nose cone using a small animal anesthesia system (SomnoSuite; Kent Scientific, Torrington, CT). For induction, 3% of isoflurane was used, and for maintenance, 2% was used during the experiment.
A small incision was made at the ankle to expose the Achilles tendon. Because gastrocnemius muscle and soleus muscle share the same tendon, the distal part of gastrocnemius muscle was isolated from soleus muscle and cut from the tendon. Care was taken to avoid damaging the soleus-tendon junction. While avoiding stretch injury, the tendon of soleus muscle was dissected from surrounding connective tissues and cut at the bone attachment. Another incision was made at the thigh to expose sciatic nerve.
The mouse was then placed on a platform maintained at 37°C with circulating warm water, and the knee of one leg was immobilized by being mounted between a pair of screws instrumented on the platform (Aurora Scientific, Aurora, Ontario, Canada). The foot was taped and secured on the surface of the platform. The end of soleus tendon was tied with 5-0 silk suture to securely attach to the lever arm of a force transducer (model 300B-LR; Aurora Scientific). A pair of custommodified platinum wire electrodes was placed around the sciatic nerve for electronic stimulation. The open surgical sites were kept under moisture with dripping Krebs solution (118.00 mM NaCl, 4.70 mM KCl, 2.25 mM MgSO 4, 1.20 mM KH2PO4, 2.25 mM CaCl2, 11.00 mM glucose, and 21.00 mM NaHCO 3) gassed with 5% CO2-95% O2, pH 7.4 at 37°C. Anal temperature was monitored by an electronic thermometer to confirm that the body temperature was maintained at 37.0 Ϯ 0.5°C. Twitch contractions of soleus muscle were induced by electrical stimulation of the sciatic nerve with 0.1-ms square pulses at 2-4 V adjusted as 1.5-fold of the threshold voltage. An optimum length of soleus muscle was determined by reaching the maximum isometric twitch force during step increases of the muscle length. The muscle was then equilibrated with tetanic contractions induced by stimulation at 200 Hz for 500 ms at 1-min intervals for 20 min, before being tested by stimulations at 80 -260 Hz to find the optimum frequency that generates the maximum tetanic force (P o), typically at 200 Hz. The optimum length and stimulating frequency were then used in a fatigue protocol consisting of 300 repeats of 500 ms tetanic contraction every 1.5 s. After the fatigue protocol, the muscle was allowed to recover under 500 ms of 200-Hz stimulation per minute for 20 min when a plateau of recovery in tetanic force development was reached.
The contractility data were collected using ASI 600A_4CH software (Aurora Scientific) for later analysis. At the end of each experiment, the tested soleus muscle was removed and frozen in liquid nitrogen for later analysis of proteins.
Histology and immunohistochemistry. After the contractility measurement, gastrocnemius muscle of the other leg was removed to expose entire soleus muscle from tendon to tendon. Two 30-G needles were inserted into the proximal and distal tendon, respectively. The distance between two needles was measured when the ankle was kept at a 90°angle. The muscle was then removed and placed in optimal cutting temperature compound in a cryostat tissue holder with the tendons pinned down onto a cork at the in situ muscle length between the two needles. Frozen soleus muscle tissue blocks were chilled in liquid nitrogen-cooled isopentane for 1 min before being completely submerged into liquid nitrogen. Ten-micron cryo-sections were cut, processed for hematoxylin and eosin staining (27) , and imaged using a Zeiss Axio Observer A1 microscope attached to a digital camera (ProGres C3; Jenoptik, Jena, Germany).
Immunohistochemistry staining was performed to identify type I fibers using an anti-type I MHC mouse monoclonal antibody (mAb) FA2 (52) as previous described (27) . Fixed with 25% ethanol and 75% acetone at room temperature for 5 min, muscle sections were blocked with 1% BSA in PBS containing 0.05% Tween-20 (PBS-T) for 30 min. The sections were then incubated in 1% H 2O2 at room temperature for 10 min to inactivate endogenous peroxidases. Washed three times with PBS-T for 5 min each, the slides were incubated with mAb FA2 in PBS-T at 4°C overnight. Washed again five times with PBS-T for 10 min each, the sections were incubated with horseradish peroxidase-labeled goat-anti-mouse secondary antibody (1,200 dilution in PBS-T containing 0.1% BSA) at room temperature for 1 h. After final washes as above, the slides were developed in 0.05% 3,3=-diaminobenzidine and 0.03% H2O2 substrate solution at room temperature for 30 s when brown color was visible. The development was stopped by being washed five times with 20 mM Tris·HCl (pH 7.6) for 5 min each. Nuclei were counterstained using Mayer's hematoxylin solution for 5 min. After being washed with running tap water for 3 min, the slides were mounted in 50% glycerol in PBS with a #1 cover slip and sealed with Permount for microscopic imaging.
SDS-PAGE and Western blotting. After rapidly measuring the weight, we cut the frozen soleus and extensor digitorum longus (EDL) muscles into small pieces in a tube on dry ice. SDS-PAGE sample buffer containing 2% SDS and 1% ␤-mercaptoethanol, pH 8.8, was added to the tube at 40-fold of the muscle weight (l/mg) to homogenize the muscle tissue using a high-speed mechanical homogenizer. The SDS-PAGE samples were then heated at 80°C for 5 min and centrifuged at 14,000 g in a microcentrifuge for 5 min to remove insoluble debris. The supernatant was resolved on SDS gels with 14% acrylamide/bisacrylamide at the ratio of 180:1 or 12% acrylamide/ bisacrylamide at the ratio of 29:1 prepared in a modified Laemmli buffer system, in which both stacking and resolving gels were at pH 8.8, or ϳ2-12% gradient gel with acrylamide/bisacrylamide at the ratio of 180:1. The resolved protein bands were visualized by Coomassie blue R-250 staining. The actin bands were quantified using ImageJ software (National Institutes of Health, Bethesda, MD) to normalize sample loading.
Duplicate SDS gels were transferred to nitrocellulose membranes using a Bio-Rad (Hercules, CA) semidry electrical transfer device at a constant current of 5 mA/cm 2 for 15 min. The blotted membranes were blocked with 1% BSA in Tris-buffered saline (TBS, 150 mM NaCl, 50 mM Tris·HCl, pH 7.5) at room temperature with shaking for 30 min. The blocked membranes were probed at 4°C overnight with anti-TnI mAb TnI-1 (53), anti-slow TnT mAb CT3, anti-fast TnT mAb T12 (51), anti-tropomyosin mAb CH1 (67), anti-desmin mAb D1033 (Sigma, St. Louis, MO), rabbit anti-mitofusin-2 mAb (NIAR164; Abcam, Cambridge, MA), rabbit anti-voltage-dependent anion channel (VDAC) polyclonal antibody (4866S; Cell Signaling Technology, Beverly, MA), or rabbit anti-PGC-1␣ polyclonal antibody (ab54481, Abcam) diluted in TBS containing 0.1% BSA. The membranes were then washed three times for 7 min each with TBS containing 0.5% Triton X-100 and 0.05% SDS and three times for 3 min each with TBS before incubation with alkaline phosphataselabeled goat anti-mouse IgG second antibody (Santa Cruz Biotechnology, Dallas, TX) at room temperature for 1 h. The membranes were washed again and developed in 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium substrate solution to visualize the protein bands recognized by each of the antibodies.
MHC isoforms were examined as described previously (27) . An SDS gel sample equal to 5 g of muscle tissue each was resolved on SDS-PAGE with 8% acrylamide/bisacrylamide at the ratio of 50:1 containing 30% glycerol in an icebox for 24 h. The gels were stained with Coomassie blue R250, and the relative amounts of MHC isoforms were quantified by two-dimensional densitometry using ImageJ software (National Institutes of Health).
Mass spectrometry identification of protein bands isolated from SDS gel. Protein bands of interest were excised from Coomassie blue R-250 stained SDS gel for in-gel protein digestion. The gel slices were washed with 50 mM ammonium bicarbonate, reduced in 10 mM DTT at 37°C for 45 min, and then alkylated with 55 mM iodoacetamide at room temperature for 30 min. Trypsin was added to the tubes at 10 ng/l, and the digestion was incubated at 37°C overnight. The resulting peptides were analyzed by nano LC-MS/MS.
The peptides were first separated on a reverse-phase C18 column with a 90-min gradient using a Dionex Ultimate HPLC system. MS and MS/MS spectra were then acquired on an Applied Biosystems (Foster City, CA) QSTAR XL mass analyzer using informationdependent acquisition mode. MS scan was performed from m/z 400-1,500 for 1 s followed by product ion scans on the two most intense multiply charged ions. Peak lists were submitted to a Mascot server to search against the NCBInr database for all entries with carbamidomethyl used as a fixed modification and oxidation, N-acetylation (protein NH2 terminus) as variable modifications.
Data analysis and statistics. Quantitative data are presented as means Ϯ SE, and statistical analysis was performed using one-way or two-way ANOVA as noted in the figure legends. A Tukey post hoc follow-up test was conducted if the overall F ratio was significant.
RESULTS
The mass and force of mouse soleus muscle recovered from unloading caused atrophy after 15 days of reloading. Four weeks of hindlimb suspension produced unloading phenotypes in soleus muscle of adult male C57BL/6 mice as that in previous studies of mice (91) and rats (104) . The body weight of the 4-wk unloading group was slightly lower than controls (Fig. 1A) . However, tibial lengths were similar in all groups (Fig. 1B) , indicating unaffected development and growth. Therefore, the decrease in body weight after 4-wk tail suspension may reflect a stress effect, which was also shown by a slight decrease in the weight of non-weight-bearing muscle EDL (normalized to tibial length) (Fig. 1C ).
Significant atrophy occurred in soleus muscle after 4 wk of unloading, as shown by muscle weight normalized to tibial length or to body weight ( Fig. 1, C and D) , as well as the muscle cross-sectional area (Fig. 1E) . Correspondingly, tetanic force of soleus muscle was significantly decreased after 4 wk of unloading (Fig. 1F) . The weight (Fig. 1, C and D) and force production (Fig. 1F ) of soleus muscle recovered during early reloading and returned to the control level at 15 days.
The unloading caused by decrease in fatigue resistance of soleus muscle exhibited a slow two-phase partial recovery during 60 days of reloading. In situ intermittent fatigability studies showed that 4 wk of unloading significantly decreased fatigue resistance of mouse soleus muscle ( Fig. 2A) . Despite the recovered muscle mass and force (Fig. 1) , the fatigue resistance did not recover but worsened during early reloading and reached the lowest level at 15 days ( Fig. 2A) . Fatigue resistance of soleus muscle began to improve after 30 days of reloading but remained lower than normal after 60 days of reloading (Fig. 2B) . The postfatigue regaining of force showed a similar trend (Fig. 2, C and D) .
The fatigability results are summarized in Table 1 with the decreases in contractile force at 450 s of fatigue treatment and the regaining of force at the first 1 min after fatigue. The data demonstrate two phases of reloading effects on the unloadingtreated mouse soleus muscle. The early phase of reloading (3-15 days) showed recovery of muscle mass and force but worsening of fatigue resistance, whereas the later phase demonstrated a very slow course of the recovery of fatigue resistance.
Injury and regeneration of soleus muscle during reloading. Despite the early recovery of muscle mass and force by 15 days of reloading (Fig. 1, C-F) , fatigue resistance of soleus muscle became lower than that at the end of 4 wk of unloading ( Fig.  2A) . This phenotype was concurrent with muscle tissue swelling and infiltration of inflammatory cells, evident at 3, 7, and 15 days of reloading (Fig. 3) , indicating a reloading-mediated injury of the atrophic and weakened soleus muscle.
SDS-PAGE revealed that two protein bands in soleus muscle were decreased after 4 wk of unloading and increased at 3, 7, and 15 days of reloading (Fig. 4A) . Mass spectrometry identified them to be filamin C and ␣B-crystallin.
Filamin C is a Z-disc protein in myofibrils and plays an essential role in the maintenance of structural integrity of striated muscle (17, 36, 39) . Increase of filamin C has been observed as an indicator of muscle regeneration (39) . The increase of filamin C in soleus muscle during the early phase of reloading (Fig. 4A) , therefore, reflects a molecular response to the reloading-mediated muscle injury.
␣B-crystallin is a small heat shock protein and is also localized in the Z-line of striated muscles (22) . As a chaperone protein, ␣B-crystallin binds unfolded proteins to prevent their denaturation and aggregation under stress conditions (82) . The increase in ␣B-crystallin in soleus muscle during the early phase of reloading (Fig. 4A ) may indicate a compensatory response to reloading injury.
The Western blot in Fig. 4A further showed similar changes in desmin that was downregulated in soleus muscle after 4 wk of unloading, upregulated after 7 and 15 days of reloading to higher-than-control level, and returned to control level after 30 days of reloading. Desmin is another striated muscle Z-line protein (40) and plays a role in myofibrillogenesis (98) . It was reported that desmin mRNA was significantly reduced in rat soleus muscle after 7 days of unloading and increased after 7 days of reloading (35) . Previous studies also found increases of desmin in the cytoplasm of regenerating and partially damaged skeletal muscle fibers (43, 85) . The increased expression of desmin in soleus muscle during the early phase of reloading but slightly lagging that of filamin C and ␣B-crystallin indicates an activation of regeneration in response to the reloading-mediated muscle injury.
Gradient SDS gel revealed that titin was significantly diminished in soleus muscle after 4 wk of unloading and slowly recovered to the control level after 45 days of reloading (Fig.  4A) . Decrease of titin in unloaded rat soleus muscle was reported to depress muscle performance via abnormal sarcomeric organization (97) . Eccentric exercise induced fragmentation of titin (71) , suggesting that titin may be involved in stretch injury during skeletal muscle reloading. The unloading that caused loss of titin may be an indicator of muscle atrophy, and its slow recovery during reloading may reflect the slow course of reconstruction of sarcomeres. The impact of the changes in titin on muscle contractility and fatigability remains to be investigated. The changes in filamin C, ␣B-crystallin, desmin, and titin are quantified, and the results are shown in Fig. 4B .
Decrease and slow recovery of PGC-1␣ and mitofusin-2 concurrent with the change in fatigue resistance. The Western blot and densitometry quantification in Fig. 5 showed that the level of PGC-1␣ was downregulated in soleus muscle after 4 wk of unloading and slowly recovered during reloading. Similar to the time course of fatigue-resistance changes, the level of PGC-1␣ was only partially recovered after 60 days of reloading (Fig. 5B) . Western blot further showed that total mitochondrial contents indicated by the level of VDAC were not different in control, 4-wk-unloaded, and reloaded soleus muscle (Fig. 5C ). However, mitofusin-2, an indicator of mitochondrial fusion, showed a similar trend of change to that of PGC-1␣ (Fig. 5D) . These findings implicated a parallel relationship between the impairment and slow recovery of mitochondrial function and the slow recovery of soleus muscle fatigue resistance.
Switching of fiber type-specific myofilament protein isoforms in soleus muscle after unloading and during reloading. Four weeks of unloading caused a decrease in MHC IIa and increases in MHC IIx and IIb in mouse soleus muscle with no change in MHC I (Fig. 6) . MHC IIx and IIb returned to control level after 15 days of reloading (Fig. 6) . MHC IIa increased after 15 days of reloading but remained lower than control level throughout the 60 days of reloading (Fig. 6 ). An interesting finding was that MHC I increased after 30 days of reloading to a level higher than the level in normal soleus Fig. 1 . Atrophy and decreased contractile force in mouse soleus muscle after unloading and the recovery during reloading. A: 4 wk of hindlimb unloading (HU) resulted in a slight decrease of body weight, reflecting the stress effect of tail suspension. B: unloading and reloading did not produce any change in the tibial length, indicating no effect on overall growth and development. C: normalized to body weight (BW), 4 wk of HU resulted in a significant loss of soleus (SOL) muscle mass compared with that of control (CON) mice. The weight of soleus muscle recovered during reloading and reached the normal level after 15 days (15DR). EDL, extensor digitorum longus. D: same trend was shown by normalization to tibial length (TL). E: quantification of cross-sectional area (CSA) of soleus muscle confirms the atrophy after 4-wk unloading and incomplete recovery after 60 days of reloading. F: tetanic force normalized to tibial length decreased in HU soleus muscle and recovered during reloading to reach the control level after 15 days. Values are presented as means Ϯ SE. A, B, D, and F: n ϭ 11 in CON, n ϭ 9 in HU, n ϭ 9 in 3DR, n ϭ 8 in 7DR, n ϭ 4 in 15DR, n ϭ 8 in 30DR, n ϭ 7 in 45DR, and n ϭ 7 in 60DR. C and E: n ϭ 9 in CON, n ϭ 4 in HU, n ϭ 7 in 3DR, n ϭ 6 in 7DR, n ϭ 4 in 15DR, n ϭ 8 in 30DR, n ϭ 7 in 45DR, and n ϭ 5 in 60DR.
a P Ͻ 0.05 vs. CON; b P Ͻ 0.05 vs. HU; c P Ͻ 0.05 vs. 3DR. Statistical analysis was performed using 1-way ANOVA with mean comparison in Tukey's test. muscle at 45 days and remained high at 60 days (Fig. 6) , indicating a secondary adaption to the slow recovery of fatigue resistance during reloading.
The results further showed that 4 wk of unloading did not induce significant change in the expression of thin filament regulatory proteins tropomyosin, TnT, and TnI in mouse soleus muscle (Fig. 7) . During the course of reloading, the level of slow TnT and the ratio of slow to fast isoforms of TnI were increased, becoming higher than the controls after 45-60 days of reloading (Fig. 7B) . This change was accompanied by an increase in the number of type I fibers (Fig. 8) , further indicating the secondary adaption to the slow recovery of fatigue resistance.
DISCUSSION
Whereas the structural and functional effects of unloading on skeletal muscle have been extensively documented (9, 34) , the recovery and adaptation during reloading are much less understood. Our present study investigated for the first time the recovery process during 60 days of reloading using a mouse hindlimb suspension model. Muscle histology, in vivo muscle contractility, fatigue resistance, fiber type, and myofilament protein isoform changes were examined for early and later phase adaptations. In addition to demonstrating the beneficial effect of reloading on the ability of atrophic muscles to regain mass and contractile force, novel findings of this investigation are the significant worsening of fatigue resistance during the early phase of reloading due to reloading-induced muscle injury, the very slow recovery of fatigue resistance concurrent with decreased PGC-1␣ and mitofusin 2, and the late-phase adaptive increase of type I slow fibers.
The use of a mouse model to study skeletal muscle unloading and reloading. Hindlimb suspension of rodents has been used extensively as a model to study muscle unloading and reloading (3, 9) . Various lengths of hindlimb suspension and reloading have been previously studied using rats and mice. In our present study, the atrophy, weakened force production, and decreased fatigue resistance Fig. 2 . Decreased fatigue resistance of soleus muscle after unloading and slow recovery during reloading. A: plotted at 30-s intervals, in situ intermittent fatigue protocol demonstrated that tetanic force normalized to tibial length dropped rapidly during fatigue compared with the prefatigue force (Fo). 4-wk HU significantly decreased fatigue resistance of soleus muscle, which was further worsened during the early phase of reloading (3-15 days). B: compared with the fatigability curves of HU and 15DR, the fatigue resistance of soleus muscle started to recover after 30 days of reloading. The recovery was slow and did not reach the control level after 60 days of reloading. C and D: postfatigue force development showed the same trends. Values are presented as means Ϯ SE; n ϭ 9 in CON, n ϭ 4 in HU, n ϭ 7 in 3DR, n ϭ 6 in 7DR, n ϭ 4 in 15DR, n ϭ 8 in 30DR, n ϭ 7 in 45DR, and n ϭ 5 in 60DR. Values are presented as means Ϯ SE. Soleus muscle fatigue and postfatigue force recovery were calculated as the percentage of peak tetanic force at optimal muscle length (Fo). The force reduction at the end of fatigue treatment and the 1st minute after fatigue force recovery were compared in control mice (CON), mice with 4 wk of hindlimb unloading (HU), and those during 3-60 days of reloading (DR). The results showed that the fatigability and postfatigue force recovery were worsened to become lower than HU level at 3-15 days of reloading and gradually improved to the control level at 30 -60 days reloading. n ϭ 9 in CON, n ϭ 4 in HU, n ϭ 7 in 3DR, n ϭ 6 in 7DR, n ϭ 4 in 15DR, n ϭ 8 in 30DR, n ϭ 7 in 45DR, and n ϭ 5 in 60DR. of mouse soleus muscle after 4 wk of unloading were similar to that found in rat soleus muscle in previous studies (72, 104) . However, different outcomes are seen in these two rodent models. The expression of fiber type-specific myofilament protein isoforms has less profound change in mouse than that in rat (104) . Four weeks of hindlimb suspension of rats resulted in significant reductions in MHC I in soleus muscle (104) . This was not seen in the mouse model that, on the other hand, showed a decrease in MHC IIa and increases of MHC IIx and IIb (Fig. 6 ). These findings are in agreement with previous studies using the same mouse strain (91) . Four weeks of unloading resulted in early and significant decreases in slow isoforms of TnT and TnI in rat soleus muscle (104), which were not seen in the mouse model (Fig. 7) . Although the mouse model does not represent the human muscle unloading and reloading as well as the rat model does, it allows the study of many genetically modified mouse models of human myopathy. Therefore, better understanding of the mouse as an experimental system to study skeletal muscle adaptation to unloading and reloading is of particular value by empowering investigators to take advantage of the increasing availability of genetically modified mouse lines for the study of skeletal muscle contractility, fatigue resistance, growth, regeneration, and neuromuscular diseases.
In situ measurement of muscle contractility and fatigue resistance. A novel approach in our present studies is the in situ measurement of contractility and fatigability of mouse Fig. 3 . Inflammatory response in mouse soleus muscle during the early phase of reloading. A: hematoxylin and eosin staining detected infiltration of inflammatory cells in soleus muscle after 3, 7, and 15 days of reloading, indicating reloading injury of the atrophic and weakened muscle. The increased interstitial space in soleus muscle after 3 and 7 days of reloading indicates inflammatory swelling. B: using a published method (47, 68) , the inflammation response to reloading injury was quantified in a blinded manner as scores of 1-4, where 1 ϭ a few scattered inflammatory cells, 2 ϭ clusters of inflammatory cells, 3 ϭ diffuse infiltrate of inflammatory cells, and 4 ϭ dense sheets of inflammatory cells, including lymphoid follicles. Values are presented as means Ϯ SE; n ϭ 3 in CON, n ϭ 3 in HU, n ϭ 3 in 3DR, n ϭ 3 in 7DR, n ϭ 4 in 15DR, n ϭ 4 in 30DR, n ϭ 4 in 45DR; and n ϭ 3 in 60DR.
a P Ͻ 0.01 vs. CON. Statistical analysis was performed using 1-way ANOVA with mean comparison in Tukey's test.
soleus muscle. The in situ measurement of muscle contraction is via nerve stimulation, maintaining in vivo blood circulation, normal oxygenation, and temperature. Therefore, it is more physiologically relevant than most of the previous muscle fatigue studies that used isolated ex vivo muscle strips under superfusion, in which dissection injury, hypoxia, limited energy supply, and artificial effects of field electrical pacing were intrinsic drawbacks (4, 105) . The methodology and functional data for the in situ mouse soleus muscles reported here laid a foundation for broader applications in testing genetically modified mouse models of human skeletal muscle diseases and adaptation.
Injury of deconditioned soleus muscle during the early phase of reloading. Our fatigue-resistance studies demonstrated two phases of adaptation in mouse soleus muscle during reloading. The early reloading resulted in a continuing worsening of fatigue resistance, reflecting the impact of reloading-caused injury of the atrophic postunloading soleus muscle, whereas the later phase of reloading exhibited a significantly lagging recovery of fatigue resistance (Fig. 2) after the full recovery of muscle mass, cross-sectional area, and force (Fig. 1, C-F) .
Reloading-caused muscle injury was reported as an acute response when atrophic muscle returns to weight-bearing conditions (33) . Our present study demonstrated that, whereas the mass and force of the unloaded mouse soleus muscle recovered by 15 days of reloading (Fig. 1) , the resistance to fatigue did not recover but, in contrast, worsened (Fig. 2 ). An explanation was the reloading-induced injury, as indicated by muscle tissue swelling and the infiltration of inflammatory cells (Fig. 3) , which were absent after 4 wk of unloading but became prominent at 3, 7, and 15 days of reloading. Fig. 4 . Changes in titin and increases of filamin C, ␣B-crystallin, and desmin in mouse soleus muscle after unloading and during reloading. Gradient and uniform SDS gels and Western blot (A) and densitometry quantification (B) showed that titin level was decreased after 4 wk of unloading and gradually recovered to the control level after 45 days of reloading. Muscle regeneration markers filamin C, ␣B-crystallin (identified using mass spectrometry), and desmin were decreased after 4 wk of unloading, rebounded to higher than normal levels early during reloading, and returned to normal level after 30 days of reloading. Values are presented as means Ϯ SE; n ϭ 3 in CON, HU, 3DR, and 7DR; n ϭ 4 in 15 DR, n ϭ 4 in 30DR; n ϭ 4 in 45DR; and n ϭ 3 in 60DR.
a P Ͻ 0.05 vs. Reloading-caused muscle injury has been reported to reduce force production, shortening velocity, and power in rat soleus muscle after 15 days of hindlimb unloading and 9 days of reloading (101) . The atrophic rat soleus muscle after unloading showed a reduction of fiber length that was overextended upon the resumption of weight bearing, suggesting a mechanism for reloading to cause muscle injury (101) . Consistent with this notion, a previous electron microscopy study showed disordered sarcomere arrangement with the Z-line interrupted by mitochondria in soleus muscle after 3 wk of unloading and 2 wk of reloading (62) .
Injury-induced necrosis is followed by the release of cytokines to trigger inflammatory response. Infiltration of neutrophils in eccentric contraction-injured muscle can remain elevated for as long as 5 days (30), with activities such as phagocytosis (70) and the releases of proteases and high concentrations of cytolytic and cytotoxic molecules that can further damage the muscle cells (96) and negatively impact on contractile function (86) . The inflammatory responses to reloading injury may contribute to the decreased fatigue resistance of soleus muscle during the early phase of reloading (Fig. 2) . This hypothesis is worth further investigation.
Atrophy-and reloading injury-induced regeneration of soleus muscle and functional impact. Z-line-related intermediate filament proteins filamin C, ␣B-crystallin, and desmin were decreased after 4 wk of hindlimb unloading and then rapidly upregulated during the early phase of reloading (Fig. 4) , indicating reloading injury and active muscle regeneration in response to functional demands. We also observed regeneration in soleus muscle, as indicated by centralized nuclei at 15 Fig. 5 . Changes of peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣), voltage-dependent anion channel (VDAC), and mitofusin-2 in mouse soleus muscles corresponding to decreased fatigue resistance after unloading and during reloading. A: Western blot using rabbit anti-PGC-1␣ polyclonal antibody (ab54481, Abcam) showed decreased expression of PGC-1␣ in mouse soleus muscle after 4 wk of unloading. B: its partial recovery during 60 days of reloading was parallel to the resistance to fatigue (a nonspecific protein band, indicated by the arrow, was also recognized by the anti-PGC-1␣ antibody). C: total mitochondrial content measured using a rabbit polyclonal antibody against mitochondrial VDAC was unchanged. D: however, the expression of mitochondrial fusion protein mitofusin-2 detected using a rabbit polyclonal antibody showed a similar trend to that of PGC-1␣. Values are presented as means Ϯ SE; n ϭ 3 in CON, HU, 3DR, and 7DR; n ϭ 4 in 15 DR; n ϭ 4 in 30DR; n ϭ 4 in 45DR; and n ϭ 3 in 60DR.
a P Ͻ 0.05 vs. days of reloading ( Fig. 2A) . The mechanism and detailed functional role of the Z-line-related proteins in postatrophy reloading remain to be further investigated. Skeletal muscle regeneration in response to muscle injury mimics the developmental program involving reexpression of embryonic, neonatal genes. For example, developmental isoforms of voltage-gated Ca 2ϩ channel (␣1C) and of ryanodine receptor type 3 are known to express in regenerating rat soleus muscle, relating to immature excitation-contraction coupling (23, 81) . Cardiac TnT was found in both developing and regenerating skeletal muscles (87) . Because the regenerating fibers represented only a small proportion of the muscle mass, no expression of cardiac TnT was detectable in the Western blots of whole muscle protein extracts (Fig. 7) . Nonetheless, the reexpression of developmental isoforms of excitation-contraction coupling proteins may have contributed to the decreased function of soleus muscle during the early phase of reloading, a hypothesis that remains to be investigated.
Decreased mitochondrial function in soleus muscle may be responsible for the slow recovery of fatigue resistance during reloading. After 30 days of reloading, the muscle mass and force returned to the control level with recovered sarcomere protein contents. However, the fatigue resistance remained lower than normal (Fig. 2) . Slow recovery of rat soleus muscle during reloading or remobilization was reported in previous studies (19, 32, 54, 76, 78) . Consistent with our results from 60 days of reloading, the recovery was slow, and the force generation did not return to control level until 60 (soleus) or 90 (EDL) days in rats (32) .
One of the mechanisms that may affect muscle fatigability is the function of mitochondria (31) . Altered distribution of mitochondria was found in rat soleus muscle after space flight (5) . PGC-1␣ is a member of transcriptional coactivators, which interacts with multiple DNA-binding transcription factors to coordinate the regulation of multiple mitochondrial genes (45) and plays a central role in mitochondrial function (66) . Consistent with its function, PGC-1␣ significantly decreased in mouse soleus muscle after unloading and showed a slow and incomplete recovery during 60 days of reloading, corresponding to the slow recovery of fatigue resistance (Fig. 5) . Whereas the total mitochondria contents were not changed, the mitochondrial fusion marker, mitofusin 2 showed similar changes to that of PGC-1␣ (Fig. 5) . The strikingly concurring decreases and partial recoveries of PGC-1␣ and mitofusin 2 levels and fatigue resistance suggest a causal relationship in which a slow recovery of mitochondrial function may be a key determinant. Supporting this notion, muscle-specific overexpression of PGC-1␣ in skeletal muscle was reported to prevent activation of catabolic systems and disuse muscle atrophy in mouse soleus muscles subjected to 3 and 7 days of hindlimb suspension (14) .
Mitochondria dynamically fuse and divide, and the fusion and fission govern mitochondrial function (20, 46) . Imbalance of these two processes negatively impacts on mitochondrial morphology and activity (15) . Mitofusins in the mitochondrial outer membrane participate in the early steps in membrane fusion (89) . Mitofusin-2 is a target of PGC-1␣. Maintenance of a normal expression of mitofusin-2 is critical for the stimulatory effect of PGC-1␣ on mitochondrial membrane potential, and PGC-1␣ may regulate mitochondrial fusion/fission events and hence mitochondrial function (90) . Therefore, impaired mitochondrial fusion may contribute to the decreased fatigue resistance and delayed recovery of soleus muscle after unloading and during reloading.
Recent studies suggested that PGC-1␣ also plays a regulatory role in the expression of endogenous antioxidant proteins. Decreased mRNA levels of superoxide dismutase 1 (SOD1) (CuZn-SOD), SOD2 (Mn-SOD) (64) , as well as SOD2 protein content (37, 63) were observed in skeletal muscle from PGC-1␣ knockout mice, whereas mice overexpressing PGC-1␣ showed upregulated SOD2 in skeletal muscle (100) . The increase in reactive oxygen species that occurs during intense exercise has been proposed to be one of the major causes of muscle fatigue. Muscle-specific SOD2-deficient mice showed severe disturbances in exercise activity without atrophy of skeletal muscles (59) , suggesting that PGC-1␣-mediated regulation of SOD2 may be a mechanism to affect muscle fatigue resistance during the late phase of reloading recovery even when the slow fiber content increased to a level higher than normal (Fig. 8) .
Secondary adaptation by increases of type I slow fibers in soleus muscle to compensate for the slow recovery of fatigue resistance during reloading. Type I slow and type IIa relatively slow fibers (83) play important roles in muscle fatigue resistance (56, 73) . In the early phase of 3-15 days of reloading of mouse soleus muscle, MHC IIa increased, whereas MHC IIb and IIx decreased. The increase of type IIa MHC appeared unable to overcome the worsening of fatigue resistance during the early phase of recovery, probably attributable to the dominant negative impact of reloading injury. Nonetheless, the change in MHC IIa instead of MHC I in mouse soleus unloading indicated a functional exchangeability of the two slow MHC isoforms in skeletal muscle function and adaption. The presumably complementary increase of MHC IIa for MHC I is consistent with the "nearest neighbor" rule (I ↔ IIa ↔ IIx ↔ IIb) of myosin isoform expression in mammalian limb and trunk muscles (2, 94) .
The recovery of MHC IIa stopped at a level lower than normal throughout the later phase of reloading (Fig. 6 ). In the meantime, although MHC I was not decreased after 4 wk of unloading in the mouse model of hindlimb suspension, it was elevated at 30 -60 days of reloading to a level higher than that in the control muscle (Fig. 6 ). This trend was accompanied by corresponding increases in slow isoforms of TnT and TnI (Fig.  7) and increases in the number of slow fibers (Fig. 8, A and C) . It is known that type I slow fibers are responsible for the fatigue resistance of skeletal muscle (58) . Therefore, the increase in slow fibers indicated a secondary adaptation to compensate for the slow recovery of decreased fatigue resistance during reloading. Fig. 7 . Expression of thin-filament regulatory protein isoforms in mouse soleus muscle after unloading and during reloading. A: Western blots using mAbs CH1 recognizing ␣ and ␤ tropomyosins, TnI-1 recognizing all TnI isoforms, T12 recognizing fast skeletal muscle TnT, and CT3 recognizing cardiac and slow skeletal muscle TnT showed that 4 wk of unloading did not produce significant change in the expression of tropomyosin, TnI, and slow TnT in mouse soleus muscle, whereas the expression of fast TnT switched to more low-molecular-weight splice forms, which returned to the control pattern after 7 days of reloading. During the later phase of reloading, the expressions of slow TnT and slow TnI were increased, most clearly at 45 and 60 days. B: densitometry quantification further demonstrated an increase in the ratio of slow vs. fast TnI (ssTnI and fsTnI), which became higher than that in normal soleus muscle after 45 and 60 days of reloading, indicating an increase in slow fiber contents as a secondary adaptation possibly to the decreased fatigue resistance. Values are presented as means Ϯ SE; n ϭ 3 in CON, n ϭ 3 in HU, n ϭ 3 in 3DR, n ϭ 3 in 7DR, n ϭ 3 in 15DR, n ϭ 4 in 30DR, n ϭ 7 in 45DR, and n ϭ 4 in 60DR. *P Ͻ 0.05 in 1-way ANOVA with mean comparison in Tukey's test.
Supporting a benefit of this secondary adaptation by increasing type I slow fibers, progressive losses of locomotor function and muscle mass occurring in aging with declined muscle strength (65) were accompanied by an increased number of type I fibers (61) . A loss of slow TnT was shown to cause diminished slow fibers in human skeletal muscle in a lethal type of nemaline myopathy (50) . The slow-to-fast fiber switch in mouse diaphragm and soleus muscles caused by knocking down or knocking out the slow TnT gene produced decreased fatigue resistance (27, 99) . On the other hand, an adaptive fast-to-slow fiber type switch in G s protein ␣-subunit-deficient mouse soleus muscle improved fatigue resistance (25) .
In summary, our in situ contractility studies investigated for the first time the recovery of fatigue resistance in mouse soleus muscle during 60 days of reloading. Together with quantitative analyses of fiber composition, myofilament protein isoform regulation, and proteomic identification, the results demonstrated an early-phase reloading-caused muscle injury with a worsening of fatigue resistance. The changes in PGC-1␣ and mitofusin 2 concurrent with decreased fatigue resistance after unloading and slow recovery during reloading suggest a novel role of mitochondrial function in the resistance of skeletal muscle to fatigue. The secondary adaptation by increasing type I slow fibers demonstrates a mechanism to compensate for the loss of muscle fatigue resistance and an indicator for monitoring postatrophy recovery, a potential target to develop new rehabilitation therapies for aging individuals and bedridden patients. A: immunohistochemistry using mAb FA2 recognizing type I MHC determined the type I slow fiber contents of the mouse soleus muscles studied. B: total number of fibers in soleus muscle was similar in all groups, suggesting no fiber loss or hyperplasia. C: numbers of type I fibers increased, whereas type II fiber decreased after 30 days of reloading compared with the 4-wk unloading or normal control groups. This trend remained at 60 days of reloading. Values are presented as means Ϯ SE; n ϭ 3 in CON, n ϭ 3 in HU, n ϭ 3 in 3DR, n ϭ 3 in 7DR, n ϭ 4 in 15DR, n ϭ 4 in 30DR, n ϭ 4 in 45DR, and n ϭ 3 in 60DR. ***P Ͻ 0.001 compared with the same type of fibers at different time points. Statistical analysis was performed using 1-way ANOVA with mean comparison in Tukey's test.
